A series of Zno/fe 2 o 3 /g-c 3 n 4 photocatalysts were synthetized by impregnation of g-c 3 n 4 with Zn(no 3 ) 2 ·6H 2 O, and Fe(NO 3 ) 2 ·9H 2 O followed by calcination. The morphology, chemical composition, and structure of the resulted materials were carefully analyzed by various characterization techniques. the photocatalytic performance of Zno/fe 2 o 3 /g-c 3 n 4 composites was evaluated based on the H 2 evolution from water splitting reaction. the results showed that the Zno/fe 2 o 3 /g-c 3 n 4 composite can effectively produce more H 2 than pure g-c 3 n 4 when irradiated under visible-light. H 2 production rate over 3-ZnO/Fe 2 o 3 /g-c 3 n 4 composite was of 25 μmol·h −1 , which is 4 times higher than that obtained in the presence of pure g-c 3 n 4 , clearly showing a significant improvement of the photocatalytic activity of the prepared nanocomposite. this result was attributed to the formation of a heterojunction between g-c 3 n 4 and Zno/fe 2 o 3 , which delayed the recombination of holes-electrons pairs and resulted in a remarkable increase in photocatalytic performance.
Hydrogen is considered an ideal, green energy carrier. Therefore, there is a continuously growing interest for the development of hydrogen production technologies as effective ways to solve energy crisis and environmental pollution 1, 2 . Since Honda reported 3 photocatalytic production of over TiO 2 under sunlight, many research groups have synthesized semiconductor-based photocatalytic materials, such as oxides 4 , sulfides 5 , polymeric materials (e.g., CMP 6, 7 , COF 8 , and CTF 9,10 ) for the production of hydrogen by photocatalysis 11, 12 . Compared with other photocatalytic materials, graphitic carbon nitride (g-C 3 N 4 ) is non-toxic and can absorb visible-light. This low-priced material as photocatalyst is widely used for water splitting 13 , photocatalytic removal of organic pollutants 14 and so on [15] [16] [17] . However, this promising material has a drawback related to the relatively rapid recombination of photogenerated hole-electron pairs, which limits its applications as photocatalyst under irradiation with visible light 18 . To address this issue, many strategies were applied, among them the modification of the structure and morphology of g-C 3 N 4 or doping with heteroelements, which lead to noticeable improvements. The incorporation of metal cations in the g-C 3 N 4 matrix induces structural changes of g-C 3 N 4 , leading to enhance photocatalytic performance of the final material, owing to the decrease in the combination rate of the photogenerated electrons-holes pairs. In addition, these structural changes may favor the expansion of the photocatalytic response of g-C 3 N 4 to the visible-light range. It is worth underlying that these two achievements are both of great significance for all applications of g-C 3 N 4 . Qin et al. 19 reported that C (carbon)-doped ZnO/g-C 3 N 4 used for photocatalytic removal of MB and MO under visible-light exhibited higher photocatalytic performance than P25 (TiO 2 ), ZnO, and g-C 3 N 4 . Yang 20 et al. prepared Cu 2 O/g-C 3 N 4 nanoparticles for the photocatalytic generation of H 2 . The rate of H 2 evolution was of 33.2 μmol·h -1 ·g -1 over 5% Cu 2 O/g-C 3 N 4 nanocomposite. This outstanding result was explained by the rapid separation and shift of photogenerated electron-hole pairs in the interface. Uma et al. 21 reported that ZnO/g-C 3 N 4 thin film is an effective photocatalytic material for removal of dyes, whose efficiency increased in comparison with that of ZnO. Yuan 22 et al. reported that g-C 3 N 4 /CeO 2 /ZnO nanocomposites exhibited higher photocatalytic performance than that of bare g-C 3 N 4 , g-C 3 N 4 /CeO 2 , and ZnO for Methylene Blue (MB) degradation. This research offers the new rational method for environment purification and energy conversion under visible-light. Wang 23 et al. synthetized core/shell ZnO@g-C 3 N 4 photocatalysts by a reflux method for the photocatalytic removal of RhB. It was noticed that the photocatalytic performance of ZnO@g-C 3 N 4 was superior to that of bare ZnO and g-C 3 In this paper, Fe(NO 3 ) 2 ·9H 2 O, Zn(NO 3 ) 2 ·6H 2 O, and g-C 3 N 4 were used as starting materials to compound ZnO/Fe 2 O 3 /g-C 3 N 4 composite by impregnation. The resulted sample was analyzed in relation to its composition, structure and morphology, whereas the photocatalytic activity was estimated based on the ability to produce H 2 from the water splitting reaction under visible-light irradiation. A possible reaction mechanism of water splitting over the prepared sample was proposed and discussed. Figure 1 shows the synthesis route of ZnO/Fe 2 O 3 /g-C 3 N 4 composites. During the synthesis, Fe 3+ and Zn 2+ as the central ions may be form coordinating covalent bond with the N atom of g-C 3 N 4 to form a coordination compound. As a p-type semiconductor, Fe 2 O 3 can make good use of solar energy and combine with n-type semiconductor ZnO to complement each other. It was effectively constructed a p-n heterojunction and used the difference in conduction band potential to spontaneously migrate photogenerated electrons between interfaces to generate useful holes. Thereby that was generated efficient separation of holes and electrons for reducing the recombination of photogenerated electrons-holes, and finally improved photocatalytic activity.
Results and Discussion
The results of elemental analysis (EA) of bare g-C 3 N 4 and 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite are displayed in Table S1 .The nitrogen and carbon contents were measured by elemental analysis, where as zinc and iron were analyzed by ICP-MS. The contents of N and C in pure g-C 3 N 4 are 59.25 and 34.66%, respectively. For 3-ZnO/ Fe 2 O 3 /g-C 3 N 4 , the contents of C and N are 33.71 and 58.64%, respectively while the content of Zn and Fe are 1.6 and 0.6 wt.%, respectively. This indicated that the addition of ZnO and Fe 2 O 3 did not break the structure of g-C 3 N 4 after the impregnation and calcination reactions, and ZnO and Fe 2 O 3 were already loaded onto g-C 3 N 4 .
TGA analysis for bare g-C 3 N 4 and 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite were performed from 25 to 600 °C under N 2 (5 °C min −1 ), and the recorded curves are displayed in Fig. S1 . The shape of the TGA curve corresponding to 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite indicates a thermal stability of this sample. The 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite showed an obvious weight loss about at 400 °C with a total mass loss of around 70 wt.% at 650 °C in N 2 atmosphere. After that, the modification in the TGA curve indicates the decomposition of the composites. Therefore, it can be affirmed that the prepared materials are relatively stable at 600 °C.
The XRD patterns of bare g-C 3 N 4 and ZnO/Fe 2 O 3 /g-C 3 N 4 samples are illustrated in Fig. 2(a) . For the pure g-C 3 N 4 , two peaks at 13.5 and 27.4° were identified in the XRD pattern and attributed to (100) and (002) crystal planes, respectively (ICDD file 87-1526). The XRD patterns of 11-ZnO/ www.nature.com/scientificreports www.nature.com/scientificreports/ thermal treatment applied to the samples to convert the nitrate precursors in the corresponding oxides did not break the crystal structure of pure g-C 3 N 4 . The structure and morphology of g-C 3 N 4 and 3-ZnO/Fe 2 O 3 /g-C 3 N 4 were analyzed SEM and TEM. Representative SEM images are shown in Fig. 4(a,b) . The pure g-C 3 N 4 displays a sheet-like structure. The composite containing ZnO/Fe 2 O 3 displays a layered structure with irregularities and small particles on the surface, which are attributed to the oxide phases generated by calcination of nitrates. As shown by TEM images in Fig. S3(a) , the pure g-C 3 N 4 has a flat thin flake structure. For the composite material, Fig. S3(b) shows a TEM image in which the heterojunction formed between oxide phases and the g-C 3 N 4 is well delimited. It is recognized that such heterojunctions between g-C 3 N 4 and oxide phase (e.g. ZnO/Fe 2 O 3 ) may enhance the photocatalytic activity of the compound material. The high-resolution TEM images (HRTEM) of 11-ZnO/Fe 2 O 3 /g-C 3 N 4 show obvious lattice fringes of ZnO particles, an interplanar spacing of that is 0.247 nm (Fig. 4d ), corresponding to the (111) facet, in well agreement with the results of XRD. Similarly, the obvious lattice fringes of Fe 2 O 3 nanoparticles, an interplanar spacing of that is 0.492 nm correspond to the (102) facet, as also observed by XRD. The EDS results revealed that the composite material contains C, N, O, Zn, and Fe elements, indicating that ZnO/Fe 2 O 3 has been loaded onto g-C 3 N 4 .
The BET of g-C 3 N 4 and 3-ZnO/Fe 2 O 3 /g-C 3 N 4 were obtained by the N 2 adsorption&desorption isotherms performed at 77.3 K. As displayed in Fig. S4(a) , the g-C 3 N 4 sample displays a type isotherm with H3 type hysteresis, characteristic to a solid with the accumulation of flaky particles. The specific area of 3-ZnO/Fe 2 O 3 /g-C 3 N 4 sample, calculated by applying the BET equation, is 23.5 m 2 /g, which is higher in comparison with that of bare g-C 3 N 4 (11 m 2 g −1 ). The specific surface area of ZnO/Fe 2 O 3 sample is 1.21 m 2 /g (Fig. S5 ). The pore volume of g-C 3 N 4 is higher than that of 3-ZnO/Fe 2 O 3 /g-C 3 N 4 . The increase of specific surface area along with lower pore volume indicates that ZnO/Fe 2 O 3 is loaded to g-C 3 N 4 , which is also beneficial to increase photocatalytic activity 33 . www.nature.com/scientificreports www.nature.com/scientificreports/ g-C 3 N 4 composite changed the electronic structure of the graphitic support, which became able to absorb light at higher wavelengths in the visible range, property favorable for the photo-generation of the electron-hole pairs. According to the band gap energy calculated by the Kubelka-Munk function in Fig. S6 , the corresponding band gap energy of g-C 3 N 4 is about 2.82 eV while that of 3-ZnO/Fe 2 O 3 is about 2.44 eV. The band gap energy of ZnO and Fe 2 O 3 are 3.2 and 2.2 eV, respectively. The doping of ZnO/Fe 2 O 3 changed the band structure of the photocatalyst and reduced the band gap energy comparing to that of g-C 3 N 4 , and even improved the absorption wavelength of visible light. Fluorescence spectrum of g-C 3 N 4 and ZnO/Fe 2 O 3 /g-C 3 N 4 samples were also registered aiming to provide information about transport and recombination of photogenerated hole-electron pairs at 365 nm, and they are shown in Fig. 5(b) . The results display that g-C 3 N 4 exhibits a strong fluorescence signal at 440 nm due to the electron transition of n-π* in g-C 3 N 4 , and the photogenerated electron is recombined with the holes. However, when the content of ZnO/Fe 2 O 3 increased, the fluorescence intensity of the composite decreased, indicating a lower photogenerated electron binding rate 34 .
The photocatalytic performance, evaluated as H 2 production form water splitting reaction, of all composites obtained under λ > 400 nm irradiation is shown in Fig. 6(a) . The H 2 production over ZnO/Fe 2 O 3 /g-C 3 N 4 composite is 25 μmol·h −1 , which is almost 4 times higher than that of pure g-C 3 N 4 (6.5 μmol·h −1 ). This excellent performance is explained by an efficient separation of the electron-hole pairs as a result of the heterojunction generated by loading ZnO/Fe 2 O 3 on g-C 3 N 4 support. The photogenerated charge separation was determined by electrochemical impedance spectroscopy (EIS). The EIS spectra of g-C 3 N 4 and 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite are illustrated in Fig. 6(b) . To note, the radius of 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite is smaller than that of pure g-C 3 N 4 , indicating that the 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite has a relatively low charge transport resistance, which can improve the charge separation and migration efficiency of electron-hole 35 . Photocurrent-time curves of g-C 3 N 4 and 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite are displayed in Fig. 6(c) . It can be observed that the curves, obtained by alternatingly cutting off the visible light irradiation display several on-off cycles, the photocurrent of the two samples being significantly enhanced under irradiation. When the visible light irradiation was cut off, the current intensity rapidly decreased to zero, confirming the generation of the photocurrent by visible light irradiation. The fluorescent decay spectra also indicated that the 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite has a shorter lifetime of 13.23 ns than that of g-C 3 N 4 (17.62 ns) (Fig. 6d, Table S2 ), implying the low inactivation probability of photo-induced electrons and leading to high photocatalytic activity. The photocatalytic recyclability and stability of photocatalyst www.nature.com/scientificreports www.nature.com/scientificreports/ are important for the applications 36 . Moreover, the enhancement of the photocurrent in the ZnO/Fe 2 O 3 /g-C 3 N 4 composite is attribute to the heterojunction formation between g-C 3 N 4 and ZnO/Fe 2 O 3 , which promotes a valid separation of photo-generated holes and electrons. The stability and recyclability of 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite were determined by three cycles under the same conditions ( Fig. 6(e) ). After three cycles, the photocatalyst 3-ZnO/Fe 2 O 3 /g-C 3 N 4 had stability properties. The photocatalytic activity showed a slight decrease during the cycling process. It may be due to a decrease in the concentration of the substrate or a weaker response of the reactive sites to the photon. The apparent quantum yield (AQY) were shown in Fig. 6(f) . The highest AQY of the 3-ZnO/Fe 2 O 3 /g-C 3 N 4 photocatalyst is 0.4% at 380 nm, and then the AQY decreases with increasing the wavelength of the incident light, which is in keeping with the UV-Vis absorption spectra of the 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite showing a maximum absorption peak at about 380 nm, proving that the evolution of H 2 is indeed enhanced by the light absorption of the photocatalyst 37 .
The results obtained for the hydrogen production allowed the establishment of a potential mechanism that governs the production of H 2 from water splitting reaction over the prepared ZnO/Fe 2 O 3 /g-C 3 N 4 composites. The possible mechanism is schematically presented in Fig. 7 . The conduction band (CB) and valence band (VB) of g-C 3 N 4 are −0.91 (vs NHE) and 1.91 eV, respectively, as measured by electrochemical CV curve (Ev = Ec + 2.82) 
conclusion
In this paper, ZnO/Fe 2 O 3 /g-C 3 N 4 composite photocatalysts were synthesized by impregnation followed by calcination and their photocatalytic performance was evaluated in H 2 production from water splitting. The chemical composition in bulk and surface, crystalline phases, morphology, electronic states, band gap values, texture, interfacial electronic interactions, as well as charge transport and recombination were established by various characterization techniques, such as ICP-MS, XPS, XRD, DR UV-Vis, SEM, TEM, N 2 physisorption, and EIS, respectively. The experimental results obtained for the photocatalytic tests showed remarkably improved activity for 3-ZnO/Fe 2 O 3 /g-C 3 N 4 composite with compared to pure g-C 3 N 4 . Hence, the H 2 evolution under visible light for the composite was of 25 μmol·h −1 while an activity of 6.5 μmol·h −1 was obtained for pure g-C 3 N 4 . This increased activity originated from the heterojunction formed between g-C 3 N 4 and ZnO/Fe 2 O 3 , which enabled a high separation rate and mobility of the photogenerated electrons and holes. Therefore, this work proposed a feasible strategy for improving the photocatalytic activity of g-C 3 N 4 by loading ZnO and Fe 2 O 3 , which can be useful for the design and preparation of other new and highly active composite photocatalysts for H 2 production from water splitting. characterization of the Zno/fe 2 o 3 /g-c 3 n 4 photocatalysts. FT-IR (Fourier transform infrared, Tensor 27 FT-IR spectrometer) spectra of all samples were obtained using KBr disks. TGA were evaluated in STA449F5 from 30 to 800 °C under N 2 atmosphere at a heating rate of 10 °C min −1 . The Powder X-ray diffraction (PXRD) measurement was carried out on X-ray diffractometer (D/Max-3c). Morphology of the samples were conducted by using SEM (FEI, Quanta 200) and TEM (JEOL, JEM-2100). Surface areas and pore size distributions were recorded by BET on an ASAP 2420-4 (Micromeritics) at 77.3 K. UV-Vis reflectance spectra (DRS, UV-Lambda 950 PerkinElmer, US) were applied to characterize band gap and absorption length in the region 200-800 nm based on BaSO 4 . X-ray photoelectron spectroscopy (XPS) measurement was performed on a HI5700ESCA instrument with monochromatic Al Ka (1486.6 eV) X-ray radiation. PL of the samples were conducted using a Shimadzu F-7000 PC at an excitation wavelength of 365 nm. The Zn and Fe contents were measured by inductively coupled ICP-MS (Leeman). photocatalytic reaction. The generation of H 2 was carried out over a photocatalyst in a quartz glass container. The photocatalyst (100 mg) was dispersed in 100 mL of solution, which contains 20 vol % TEOA as a sacrificial agent for H 2 production. All photocatalytic experiments were performed in a quartz glass reactor that allowed the circulation of water at room temperature. The suspension was thoroughly removed air and irradiated by a 300 W Xe lamp (PLS-SEX300/300UV, Beijing Perfect Light Co.) equipped with a UV cut off filter (λ > 400 nm). The generated H 2 was measured by an online Agilent 7890 gas chromatograph (TCD), using N 2 as carrier gas for H 2 .
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